The heat-labile enterotoxins (HLT) of Vibrio cholerae and Escherichia coli constitute a family of bacterial toxins that are related in structure and function (10, 11, 16, 35) . Both are oligomeric protein toxins composed of one A polypeptide and five B polypeptides in which the quaternary structure is maintained by noncovalent bonds between the A polypeptide and a pentameric ring of B subunits (7, 13, 32) . The biological effects of the enterotoxins are determined by the binding specificity of the fully assembled B subunits and the enzymatic activity of the A subunit. The pentameric ring formed by the B subunits mediates binding to the sugar residues of gangliosides present on the surface of various eukaryotic cells (3, 18) .
The heat-labile enterotoxins (HLT) of Vibrio cholerae and Escherichia coli constitute a family of bacterial toxins that are related in structure and function (10, 11, 16, 35) . Both are oligomeric protein toxins composed of one A polypeptide and five B polypeptides in which the quaternary structure is maintained by noncovalent bonds between the A polypeptide and a pentameric ring of B subunits (7, 13, 32) . The biological effects of the enterotoxins are determined by the binding specificity of the fully assembled B subunits and the enzymatic activity of the A subunit. The pentameric ring formed by the B subunits mediates binding to the sugar residues of gangliosides present on the surface of various eukaryotic cells (3, 18) .
Two serogroups of HLT have been distinguished on the basis of distinct immunoreactivity (15, 28) . Serogroup I consists of cholera toxin (CT) and the E. coli HLT LT-I, which includes two antigenic variants isolated from humans and pigs, designated LTh-I and LTp-I, respectively (19, 28) . Serogroup II enterotoxins include E. coli type II HLT initially designated LT-like toxins and later called LT-II enterotoxins (9) . Based on immunoreactivity and amino acid sequence homology, two antigenic variants of LT-II, designated LT-IIa and LT-IIb, have been isolated (9) (10) (11) 17) . Although serogroup I and serogroup II enterotoxins induce similar morphological effects on Y1 adrenal cells and activate adenylate cyclase in cell cultures, both LT-IIa and LT-IIb appear to be more potent than either CT or LT-I in Y1 adrenal cell assays; however, neither LT-IIa nor LT-IIb induces the typical fluid accumulation in ligated ileal loops observed with CT and LT-I (16) . In human T84 intestinal cells, only CT elicited a cyclic AMP-dependent chloride response that is responsible for the massive effusion of water into the lumen of the gut (39) .
Comparison of the predicted amino acid sequences of type I and type II enterotoxins reveals a large degree of variability. While the B polypeptides of CT and LT-I exhibit over 80% homology to each other, both CT and LT-I have less than 14% amino acid sequence homology to the B subunits of either LT-IIa or LT-IIb (15, (28) (29) (30) . The extensive diversity in amino acid sequences between type I and type II HLT not only results in antigenically distinct groups but also imparts different ganglioside binding specificity to the respective B subunits. Specifically, the high-affinity receptor for CT and LT-I has been shown to be the monosialoganglioside GM1, while the B subunit of LT-IIa binds with high affinity to GD1b and less strongly to GM1, GT1b, GQ1b, GD2, GD1a, and GM2 (6) . Unlike CT and LT-IIa, LT-IIb lacks affinity for GM1 but has been shown to bind with high affinity to the disialoganglioside GD1a (6) .
Gangliosides are sialic acid-containing ceramide oligosaccharides in which the polar head groups consist of carbohy-drate moieties with a lipophilic ceramide tail anchored in the lipid bilayer of membranes (23) . Gangliosides are primarily components of cell surface membranes, and they vary widely at the cell, tissue, and organ levels as well as between species (23). There is considerable evidence that different gangliosides play important roles in signal transduction pathways involving cellular immunomodulation, proliferation, differentiation, transformation, and suppression (12, 25, 26, 38, 39) . The immunological outcome of interactions between type I HLT B subunits and GM1 is well documented. The immunogenicity of type I enterotoxin B subunits depends critically on binding to their high-affinity receptor, GM1, and many of the adjuvant qualities associated with the type I enterotoxins and their B subunits depend on binding GM1 (25, 26, 38) . These data suggest that interaction with the cell surface receptor GM1 triggers many of the key immunostimulatory events associated with the type I enterotoxins. However, the effect of different binding specificity on the immunological properties of type I and type II enterotoxins has not been addressed. In this study, we investigated the possibility that receptor-mediated binding differences between type I and type II enterotoxins have a differential effect on the quality or magnitude of the resulting immune response. To determine the immunological effects that LT-IIa and LT-IIb have on mucosal adjuvanticity, we investigated the effects of LT-IIa and LT-IIb in comparison with CT on potentiating antigen-specific immune responses.
MATERIALS AND METHODS
Immunogens. LT-IIa and LT-IIb were derived from E. coli XL-1 Blue (Stratagene) transformed with plasmids pTDC200 and pTDC101, respectively (2). Growth of recombinant E. coli cells was conducted at 37°C with vigorous shaking (225 rpm) in Luria broth supplemented with ampicillin (150 g/ml) in the presence of tetracycline (10 g/ml) or kanamycin (50 g/ml) for pTDC200 or pTDC101, respectively. Target gene expression was induced at mid-log phase by the addition of isopropyl-␤-D-thiogalactoside to 1 mM. Growth was terminated 4 h after induction, and cells were harvested by centrifugation. The bacterial pellet was resuspended to 1/10 the original culture volume in ice-cold 100 mM Tris-HCl (pH 8.0) containing 20% sucrose, 5 mM EDTA, polymyxin B (1 mg/ ml), and lysozyme (0.5 mg/ml) to release the periplasm contents. After 30 min of incubation at 4°C, the supernatant was harvested by centrifugation and subjected to 40 or 60% ammonium sulfate saturation for LT-IIa or LT-IIb, respectively. The resulting precipitate was collected by centrifugation and dissolved in 10 mM Tris-HCl (pH 8.0) containing 0.3 M NaCl. The dissolved precipitate was then passed through a 0.45-m-pore-size syringe filter and subjected to gel filtration using a Sephacryl-100 column (Pharmacia) and anion exchange using a Mono Q column (Pharmacia). Recombinant proteins were analyzed for endotoxin content by means of a quantitative chromagenic Limulus amebocyte lysate assay kit (BioWhittaker, Inc., Walkersville, Md.) using an E. coli K235 lipopolysaccharide (LPS) standard. AgI/II used in this study was purified from the culture supernatants of Streptococcus mutans as previously described (31) . CT was purchased from List Biological Laboratories.
Animals and immunizations. Female BALB/c mice, 8 to 12 weeks of age, were immunized by the intranasal (i.n.) route. Groups of 8 to 10 mice were immunized three times at 10-day intervals with AgI/II (10 g) alone or coadministered with an adjuvant amount (1 g) of LT-IIa, LT-IIb, or CT. The vaccines were administered in a standardized volume of 12 l, applied slowly to both external nares. All animal experiments were approved by the Institutional Animal Care and Use Committee at the University of Alabama at Birmingham.
Collection of secretions and plasma. Samples of plasma, saliva, and vaginal washes were collected from individual mice 1 day before the primary immunization (day 0), 8 days after each immunization (days 8, 18, and 28), and 22 days (day 42) and 40 days (day 60) after the third immunization. Saliva was collected with a micropipetter after stimulation of salivary flow by injecting each mouse intraperitoneally with 5 g of carbachol (Sigma Chemical Company, St. Louis, Mo.). Plasma samples were obtained following centrifugation of blood collected from the tail vein by using a calibrated heparinized capillary tube. Vaginal washes were collected by flushing the vaginal vault five times with 75 l of sterile phosphate-buffered saline (PBS). Mucosal secretions and plasma samples were stored at Ϫ70 and Ϫ20°C, respectively, until assayed for antibody activity.
Antibody analysis. Levels of isotype-specific antibodies in saliva, plasma, and vaginal washes were assayed by enzyme-linked immunosorbent assay (ELISA). Polystyrene microtiter plates (96 well; Nunc, Roskilde, Denmark) were coated overnight at 4°C with AgI/II (5 g/ml), LT-IIa (3 g/ml), LT-IIb (3 g/ml), or CT (3 g/ml) (Sigma). To determine total immunoglobulin (Ig) isotype concentrations, plates were coated with goat anti-mouse Ig isotype-specific antibodies (Southern Biotechnology, Birmingham, Ala.). Serial twofold dilutions of plasma or secretion samples were added in duplicate, and plates were incubated overnight at 4°C. Plates were then washed with PBS containing 0.1% Tween (PBSTw) and incubated at room temperature with the appropriate peroxidase-conjugated goat anti-mouse Ig isotype-specific reagent (Southern Biotechnology). Plates were washed and developed with o-phenylenediamine and hydrogen peroxide. Color reaction was stopped after 15 min, and optical density was measured at 490 nm. Unknown concentrations of antibodies and total Ig levels were calculated by interpolation on calibration curves generated by using a mouse Ig reference serum (ICN Biomedicals, Aurora, Ohio). Mucosal IgA responses are reported as the level of specific antibody IgA/total IgA to compensate for variations arising from salivary flow rate and dilutions of secretions.
Isolation of lymphoid cells. The cervical lymph nodes (CLN) were identified as the central posterior lymph nodes which lie close to the internal jugular lymph nodes but are dorsal to each brachial plexus and the superficial lymph nodes which lie at the anterior poles of the submandibular salivary glands (37) . The nasal lymphoid tissue (NALT) was excised as previously described (40) . Lymph nodes, NALT, and spleen were teased apart with syringe needles and dispersed through a 70-m wire-mesh screen to obtain single-cell suspensions. The cell suspensions were filtered through nylon mesh to remove tissue debris and subjected to centrifugation through Ficoll-Hypaque 1083 (Sigma) to remove erythrocytes and dead cells. All preparations were washed twice and suspended in RPMI 1640 with 10% fetal calf serum (FCS). Total cell yield and viability were enumerated in a hemacytometer using trypan blue (Sigma) staining.
ELISPOT assay. Enumeration of antigen-specific antibody-secreting cells (ASC) was performed by enzyme-linked immunospot (ELISPOT) analysis using lymphoid cells from NALT, superficial CLN, and spleen isolated from immunized mice 10 days after the third immunization (day 30). Membrane-based 96-well microtiter plates (Millititer HA; Millipore Corp., Bedford, Mass.) were coated with 10 g of AgI/II per ml or RPMI 1640 with 10% FCS (control), diluted in PBS (pH 8.0), and incubated overnight at room temperature. To detect anti-HLT ASC, plates were coated with 5 g of CT, LT-IIa, or LT-IIb per ml in PBS overnight at room temperature. Plates were then blocked with RPMI 1640 with 10% FCS for 2 h at 37°C. Lymphoid cell suspensions (10 5 cells) were incubated in triplicate in the coated plates for 4 h at 37°C in a humidified 5% CO 2 incubator. Plates were washed and developed with isotype-specific peroxidase-conjugated anti-mouse Ig antibodies followed by 3-amino-9-ethylcarbazole-hydrogen peroxide substrate. The number of spots was determined with the aid of a stereo dissecting microscope.
Proliferation assay. Lymphoid cells (2 ϫ 10 5 cells/well) from the central posterior lymph nodes and spleen were incubated in triplicate for 4 days in 96-well U-bottom tissue culture plates in RPMI 1640 medium (supplemented with 10% FCS, 100 mM sodium pyruvate, 200 mM glutamine, nonessential amino acids, 12 mM HEPES, penicillin, and streptomycin) with different concentrations of AgI/II or in the absence of stimulus. Approximately 18 h before harvesting, the cells were pulsed with 0.5 Ci of [ 3 H]thymidine, and the amount of [ 3 H]thymidine uptake was determined by liquid scintillation counting. The stimulation index was calculated as the ratio of the mean counts per minute in AgI/II-stimulated cultures to the mean counts per minute in nonstimulated control cultures.
Cytokine assays. Spleen and superficial lymph node cells were plated at 3 ϫ 10 5 and 2 ϫ 10 5 cells/well, respectively, and cultured for 3 days in the presence of concanavalin A (2.5 g/ml) or different concentrations of AgI/II or in the absence of stimulus. Supernatants were collected after centrifugation and stored at Ϫ70°C until assayed for the presence of cytokines. The levels of interleukin-4 (IL-4), IL-10, and gamma interferon (IFN-␥) in culture supernatants were determined by a cytokine-specific ELISA (Pharmingen). Briefly, flat-bottomed 96-well microtiter plates (Nunc) were coated with monoclonal anti-IL-4, anti-IL-10, or anti-IFN-␥ (Pharmingen) at 2 g/ml in PBS and incubated overnight at 4°C. Plates were washed with PBS-Tw and blocked to limit nonspecific binding with 10% FCS in PBS for 1 h at 37°C. After washing the plates, supernatants were serially diluted in 1% bovine serum albumin in PBS and added to the wells. A standard curve was generated by using recombinant IL-4 (500 pg/ml), IL-10 (2,000 pg/ml), or IFN-␥ (2,000 pg/ml) (Pharmingen). All serial dilutions were incubated at 4°C overnight followed by washing with PBS-Tw. Secondary antibodies consisted of peroxidase-labeled anti-IL-4, biotinylated anti-IL-10, or biotinylated anti-IFN-␥ (Pharmingen). In assays using biotinylated antibodies, a 1/1,000 dilution of horseradish peroxidase-conjugated streptavidin in 1% bovine serum albumin in PBS-Tw was added to the appropriate wells, and plates were incubated at room temperature for 2 h. The reaction was developed for 20 min with o-phenylenediamine-H 2 O 2 substrate and stopped with 1 M H 2 SO 4 . The color reaction was measured at 490 nm.
Statistical analysis. Analysis of variance with the Tukey-Kramer multiple test was used for multiple comparisons, and unpaired t tests were performed to analyze differences between two groups. Differences were considered significant at the P Ͻ 0.05 level. pTDC200, respectively. After conventional chromatography, the homogeneity of each holotoxin preparation was examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). SDS dissociated both holotoxins into the A subunit (ϳ28 kDa) and B-subunit monomers (ϳ12.5 kDa) (Fig.  1A) . No other contaminating bands were observed on the Coomassie blue-stained gel after SDS-PAGE (Fig. 1A) . Western blot analysis of the bands with antibodies to LT-IIa or LT-IIb confirmed their identity (Fig. 1B) . The endotoxin content for either recombinant protein was less than 1.5 g/ml, which corresponded to less than 1.5 ng of LPS per g of purified LT-IIa or LT-IIb. This level of LPS contamination in conjunction with AgI/II has been shown to have no discernible adjuvant effects (42) . LT-IIa and LT-IIb were shown to bind to their high-affinity receptors by a ganglioside-dependent ELISA (data not shown) (36) .
Enhancement of mucosal immune responses by CT, LT-IIa, and LT-IIb. Salivary IgA responses to AgI/II were detected after the second immunization (day 18) and were significantly higher in mice given AgI/II and CT, LT-IIa, or LT-IIb (P Ͻ 0.01) compared to responses in mice given AgI/II alone ( Fig.  2A) . Peak salivary IgA responses to AgI/II occurred on day 28 and persisted through day 60 ( Fig. 2A) . AgI/II-specific salivary IgA was more than 10-fold higher when CT, LT-IIa or LT-IIb was coadministered with AgI/II.
Vaginal IgA responses to AgI/II were detected after the second immunization, with peak AgI/II-specific IgA antibody responses occurring on day 42 (Fig. 2B) . Vaginal IgA antiAgI/II responses were significantly enhanced (P Ͻ 0.001) when LT-IIa, LT-IIb, or CT was used as adjuvant. On days 28, 42, and 60, an approximately 20-fold increase in vaginal IgA antiAgI/II was observed in mice given LT-IIa, LT-IIb, or CT compared to AgI/II alone. These results demonstrate that LT-IIa, LT-IIb, and CT promote similar levels of salivary and vaginal IgA anti-AgI/II responses.
Vaginal anti-AgI/II IgG responses were detected after the second immunization and were significantly enhanced in mice given AgI/II with either LT-IIa, LT-IIb, or CT (Fig. 2C) . Peak vaginal IgG responses to AgI/II occurred on day 42 and persisted through day 60. LT-IIb significantly (P Ͻ 0.05) enhanced vaginal anti-AgI/II IgG responses on days 28 and 60 compared to LT-IIa. Moreover, mice given CT or LT-IIb as adjuvant appeared to promote more sustained levels of vaginal antiAgI/II IgG compared to LT-IIa.
Enhancement of plasma IgG and IgA responses. Immunoenhancing activity of LT-IIa and LT-IIb was also seen in the plasma antibody responses to AgI/II (Fig. 3) . Maximum plasma IgG (Fig. 3A) and IgA (Fig. 3B) anti-AgI/II levels occurred on day 42. On days 28, 42, and 60, a greater than 10-fold increase was observed in plasma IgG anti-AgI/II antibody activity when CT, LT-IIa, or LT-IIb was used as adjuvant (Fig. 3A) . Compared to mice given LT-IIa as adjuvant, AgI/ II-specific plasma IgG responses were significantly enhanced in mice given LT-IIb or CT on days 28, 42, and 60 (Fig. 3A) .
Plasma IgA anti-AgI/II antibody activity was also significantly increased (P Ͻ 0.01) on days 28, 42, and 60 in mice given LT-IIa or LT-IIb as adjuvant compared to AgI/II alone (Fig.  3B ). An approximately 5-to 10-fold increase was seen in plasma IgA anti-AgI/II responses when AgI/II was supplemented with LT-IIa, LT-IIb, or CT. Mice given AgI/II with LT-IIb had more sustained and significantly elevated (P Ͻ 0.01) levels of plasma AgI/II-specific IgA on day 60 compared to CT or LT-IIa.
Plasma IgG subclass responses. When AgI/II was given alone by the i.n. route, low levels of plasma antigen-specific IgG1 and much lower levels of antigen-specific IgG2a, IgG2b, and IgG3 were observed (Fig. 3C) . When AgI/II was supplemented with CT or LT-IIa, the major plasma IgG subclass response to AgI/II was IgG1 followed by considerably lower levels of IgG2a and IgG2b. CT induced significantly higher levels of anti-AgI/II IgG1 compared to LT-IIa or LT-IIb (Fig.  3C) . Although LT-IIa and CT augmented the IgG subclass responses compared to AgI/II alone, the IgG subclass ratios were not significantly altered. In contrast, LT-IIb significantly enhanced (P Ͻ 0.001) anti-AgI/II IgG2a in the plasma compared to either CT or LT-IIa (Fig. 3C) (Fig. 4) . Central posterior CLN cells from mice given AgI/II with LT-IIb showed much stronger proliferative responses (P Ͻ 0.01) to AgI/II than those from mice given AgI/II alone or supplemented with CT or LT-IIa (Fig. 4A ). Splenocytes cultured with various concentrations of AgI/II showed strong stimulation indices in mice supplemented with CT, LT-IIa, or LT-IIb as adjuvant (Fig. 4B) . However, no statistical differences were noted between the adjuvant groups. These results demonstrate that the immunostimulatory effects Data represent the arithmetic means Ϯ standard deviations for seven mice. In panel A, ‫,ء‬ ‫,ءء‬ and ‫ءءء‬ indicate statistically significant differences at P Ͻ 0.05, P Ͻ 0.01, and P Ͻ 0.001, respectively, compared to LT-IIa. In panel B, ‫ء‬ and ‫ءء‬ indicate significant differences at P Ͻ 0.05 and P Ͻ 0.01, respectively, compared to CT and LT-IIa. In panel C, ‫ءءء‬ indicates significant difference (P Ͻ 0.001) compared to LT-IIa and CT and ‫ء‬ indicates significant difference (P Ͻ 0.05) compared to LT-IIa and LT-IIb. induced by CT, LT-IIa, and LT-IIb on systemic cellular responses are similar, while LT-IIb induces a much stronger antigen-specific response in the local draining lymph nodes of the NALT.
Cytokine production. Since the immunoregulatory cytokines IFN-␥ and IL-4 are important mediators of IgG2a and IgG1 responses, respectively, culture supernatants from AgI/II-stimulated superficial CLN and splenic cells were analyzed for the presence of IL-4 and IFN-␥ (Fig. 5) . Cultures of superficial CLN cells stimulated with AgI/II from mice given AgI/II plus LT-IIa or LT-IIb produced significantly larger amounts (P Ͻ 0.05 to P Ͻ 0.001) of IFN-␥ compared to cultures from mice given AgI/II alone or with CT as adjuvant (Fig. 5A) . Analysis of AgI/II-stimulated splenocyte cultures revealed a similar pattern (Fig. 5B ) in which IFN-␥ titers were statistically elevated (P Ͻ 0.05 to P Ͻ 0.01) when LT-IIa or LT-IIb was used as adjuvant. While LT-IIa and LT-IIb as adjuvants induced similar titers of IL-4, CT induced significantly higher titers of IL-4 in AgI/II-stimulated splenic cultures (Fig. 5C ). IL-4 was not detected in supernatants from AgI/II-stimulated cells isolated from the superficial lymph nodes (data not shown). These results demonstrate that CT, LT-IIa, and LT-IIb differ in the ability to stimulate AgI/II-specific cytokine production.
ASC responses. To determine the effects of CT, LT-IIa, and LT-IIb on the number of AgI/II-specific ASC, mice were sacrificed 10 days after the last immunization. Superficial CLN, NALT, and spleens were excised, and the lymphoid cells were examined by ELISPOT assay. Cells from the NALT of mice immunized with AgI/II supplemented with CT or LT-IIb contained significantly (P Ͻ 0.05) higher numbers of anti-AgI/II IgA ASC compared to mice given AgI/II in the presence of LT-IIa (Fig. 6A) . Mean levels of anti-AgI/II ASC from the spleen were also higher in mice given AgI/II with CT, LT-IIa, or LT-IIb (Fig. 6B) . One of the most striking differences between CT, LT-IIa, and LT-IIb on AgI/II-specific ASC was observed in the draining lymph nodes of the nasal mucosa: LT-IIb significantly enhanced (P Ͻ 0.01 to P Ͻ 0.001) the number of IgA and IgG AgI/II-specific ASC in the superficial CLN compared to CT or LT-IIa (Fig. 6C) .
DISCUSSION
In this study, both LT-IIa and LT-IIb possessed strong adjuvant properties for stimulating mucosal IgA as well as systemic IgG immune responses to an unrelated antigen after i.n. immunization. The mucosal inductive site, NALT, as well as the draining CLN represent the regional sites of antigenic stimulation after i.n. immunization (20, 40) .
125 I-labeled IgG In panels A and B, ‫,ء‬ ‫,ءء‬ and ‫ءءء‬ indicate significant differences at P Ͻ 0.05, P Ͻ 0.01, and P Ͻ 0.001, respectively, compared to CT. In panel C, ‫,ء‬ ‫,ءء‬ and ‫ءءء‬ indicate significant differences at P Ͻ 0.05, P Ͻ 0.01, and P Ͻ 0.001, respectively, compared to LT-IIa and LT-IIb. aggregates injected directly into the NALT were recoverable from the central posterior CLN within 30 min (1). Furthermore, it has been shown that antigen that enters via the nasal mucosa drains initially to the superficial CLN (20, 37) . Thus, upon i.n. administration, antigen enters via the M-like cells overlying the dome epithelium of the NALT; alternatively, uptake of antigen may occur through the nasal membranes. We found that superficial CLN isolated from mice immunized with LT-IIb as adjuvant showed a significant enhancement in the number of AgI/II-specific IgA and IgG ASC compared to LT-IIa or CT. Potent cellular responses were also observed in the central posterior CLN when AgI/II was coadministered with LT-IIb. Previous studies from this laboratory showed that the central posterior CLN represent a site where memory T cells persist after i.n. immunization (41) . These present findings suggest that LT-IIb may enhance antigen uptake in the NALT and nasal mucosa either by enhancing receptor-mediated transport or by affecting the permeability of the nasal mucosa. This latter possibility is supported by previous studies demonstrating that CT can enhance transepithelial flux in the nasal mucosa and also increase the amount of Ag that crosses the mucosal surface and enters the systemic circulation (8, 21) .
The anti-AgI/II IgG subclass antibody response patterns potentiated by CT, LT-IIa, and LT-IIb can be attributed to the production of Th1-and Th2-type cytokines provided from mucosal and systemic immune compartments. It is known that cytokines play a major role in selecting the isotype of antibody produced during the immune response. Although no single cytokine alone appears to be required for the generation of IgG subclass responses in vivo, IL-4 and IFN-␥ have been shown to enhance production of IgG1 and IgG2a, respectively (27, 33) . Previous findings that AgI/II induces a predominantly Th2-mediated immune response are consistent with our observations concerning the anti-AgI/II IgG1 antibody response and cytokine production (H.-Y. Wu, unpublished data). Moreover, while LT-IIa and CT enhanced the anti-AgI/II IgG antibody responses, neither of these adjuvants altered the IgG1/IgG2a ratio compared to AgI/II alone. However, the enhanced IFN-␥ production in both systemic and mucosal compartments observed with LT-IIb was associated with elevated anti-AgI/II IgG2a levels so that equivalent levels of IgG1 and IgG2a antibodies were produced, but it did not appear to decrease anti-AgI/II IgG1 responses. Our observations are in agreement with the report that low doses of IFN-␥ increase IgG2a production in vivo, while considerably higher levels of IFN-␥ decrease IgG1 production (5) . Taken together, these findings indicate that LT-IIb effectively stimulates both Th1-and Th2-mediated IgG subclass responses. The ability of the type II enterotoxins to alter both the cytokine and IgG subclass profile suggests that the inherent immunological properties of AgI/II can be significantly changed by the coadministered adjuvant.
While CT and LT-I share the same high-affinity receptor (GM1), the receptor specificity of LT-I has been shown to be more tolerant (6) . Experiments with the LT-I B (G33D) mutant that has lost affinity for GM1 demonstrated that both the immunogenicity and adjuvanticity were strongly GM1-dependent (25, 26) . Thus, the adjuvanticity of CT and LT-I appeared to depend critically on the GM1 receptor, while the effect of binding to other gangliosides seemed insignificant. Our results indicate that the ability of the type II enterotoxins to target gangliosides other than GM1 results in enhanced systemic and mucosal immune responses and may contribute to the observed differences in adjuvanticity.
The ability of a mucosal adjuvant to potentiate an antigenspecific immune response to a coadministered antigen while not being extremely immunogenic in itself is desirable. The inherent immunogenicity of an adjuvant may result in diminished adjuvant activity upon subsequent use. Thus, high levels of preexisting antibodies to the adjuvant may bind and inactivate it. The present study demonstrated that CT was significantly more immunogenic by the i.n. route in BALB/c mice (H-2 d ) than LT-IIa or LT-IIb. Previous studies have demonstrated that unlike its adjuvanticity, the immunogenicity of CT depends on the H-2 haplotype (4, 14, 24) . Therefore, the observed differences in the anti-HLT antibody responses may be due to the particular genetic background of the mouse strain (BALB/c). However, other studies have shown that the potent immunogenicity of LT-I B subunit depended on interactions with GM1 (26) . Mice given wild-type LT-I B subunit produced high levels of anti-B-subunit antibodies compared to the GM1 nonbinding mutant, which induced significantly lower or even nondetectable antibody responses (26) . The lack of GM1 binding rather than binding to non-GM1 receptors may have been responsible for the diminished immunogenicity. Thus, the immunogenic properties of the type II HLTs may be due to their affinity for non-GM1 receptors.
Most studies using CT as an adjuvant have demonstrated that it generates predominantly Th2-associated cytokines with subsequent enhancement of IgG1 (22, 34) . Our data concerning both the IgG subclass and cytokine profiles induced by CT are in agreement with these studies. However, in contrast to CT, our study demonstrated that LT-IIa and LT-IIb induce a balanced Th1 and Th2 cytokine profile with subsequent enhancement of IgG1, IgG2a, IgG2b, and mucosal IgA responses. Thus, the type II HLTs appear to stimulate both Th1-and Th2-mediated immune responses to a protein immunogen after i.n. immunization.
